Introduction
We have studied the role of gap junction-mediated intercellular communication on the steroidogenic response of bovine (BAC) and human (HAC) adrenal fasciculo-reticularis cells in culture to corticotropin (ACTH). Indirect immunofluorescence analyses showed that intact human and bovine adreno-cortical tissue as well as HAC and BAC in culture expressed the gap junction protein connexin43 (also termed al connexin). Both HAC and BAC were functionally coupled through gap junctions as demonstrated by microinjection of a low molecular mass fluorescent probe, Lucifer yellow. The cell-to-cell transfer of the probe was blocked by 18 a-glycyrrhetinic acid (GA), an inhibitor of gap junctionmediated intercellular communication. GA markedly decreased the steroidogenic response (cortisol production) of both HAC and BAC to low (10 pM) but not to high (5 nM) concentrations of ACTH. GA had no inhibitory effect on the steroidogenic response to 8 Br-cAMP (at either low or high concentrations) and did neither modify the binding of The biological response of an organ or a tissue to a stimulus is, at any time, the result of the activity of numerous cells that adjust their functioning to provide an integrated response adapted to the needs of the organism. Cells are therefore expected to adapt their individual responsiveness to physiological modifications of their environment in a coordinated way. Coordination is primarily achieved by extracellular signals which act on individual cells expressing the same specific receptors. Another mechanism by which cells could coordinate and sometimes synchronize their responses is the direct cell-to-cell communication through specialized intercellular junctions named gap junctions (GJ).' In most organs and tissues, cells (of the same type or more exceptionally of distinct types) can exchange molecules of low molecular mass (< 1,000 D), naturally dissolved in their cytoplasm, through GJ (1, 2) . By allowing the cell-to-cell transfer of informative molecules, GJ are involved in the control of cell growth, differentiation and metabolic cooperation (for reviews see references [3] [4] [5] [6] [7] [8] . GJ channels between adjacent cells can be open or closed; the transition from one state to the other is a regulated process (7, 8) . GJ are known to be permeable to inositol 1, 4, 5 triphosphate and calcium ions (9) (10) (11) (12) (13) (14) and to cyclic AMP (15) (16) (17) (18) . It has been elegantly demonstrated that cells that do not respond to a given external signal could be committed to respond by receiving the adequate second messenger from neighboring responsive cells with which they are coupled through GJ (16) (17) (18) . These data show how gap junctional communication can participate in the coordination of cell responses. There is now need to define physiological situations or functional circumstances in which GJ-mediated cell-to-cell transfer of second messengers actually participates in the determination of the overall response of a cell population to an external signal.
We have used two well-characterized cell culture systems, adrenocortical cells of bovine or human origin in primary culture that produce cortisol in response to corticotropin (ACTH) via the cAMP pathway (19, 20) and a method of analysis of GJ-mediated cell-to-cell communication by microinjection of a fluorescent probe (Lucifer yellow) to examine the functional impact of gap junctional communication. First, we examined whether compounds known to cause GJ closure such as 18a-glycyrrhetinic acid (GA) (21, 22) or octanol (23, 24), could alter the secretory response of adrenal cell populations to ACTH. We then analyzed the extent that the hormone concentration-response relationship could depend on the level of GJ coupling within a cell population. Variations of GJ coupling were obtained by culturing cells at different densities and by applying a GJ inhibitor. Our results suggest that cell-to-cell communication determines the responsiveness of adrenocortical cells to low ACTH concentrations. We have found that the concentration of ACTH required to obtain the half-maximum cortisol production could vary up to 25-fold depending on the level of cell-to-cell coupling within the cell population. These results provide at least one explanation for the known discrepancy between the Kd value for the interaction of ACTH with its receptor and the ACTH concentrations active on steroidogenesis both in physiological conditions (25, 26) and in Cushing's disease (27) .
Methods
Cell culture. Bovine adrenal cells (BAC) were isolated and cultured as previously described (28) . Briefly, bovine adrenal glands were collected from a local slaughterhouse, dissected, freed of fat, and sliced with a Stadie-Riggs microtome delivering slices of 0.5 mm. The first slice containing zona glomerulosa was discarded, whereas the second and third slices were used for preparation of fasciculata cells. Dispersed cells were obtained by four successive 20-min treatments with trypsin (0.19%) in Ham's F-12/Dulbecco's modified Eagle's medium (F12/ DME) (1:1) containing gentamycin (20 jsg/ml), penicillin (100 U/ ml), streptomycin (0.1 mg/ml) nystatin (100 U/ml), 14 mM NaHCO3, and 15 mM Hepes, pH 7.4. The cells were harvested, washed and placed in a growth medium composed of F12/DME containing insulin (10 ,ug/ ml), transferrin (10 tzg/ml), vitamin C (0.1 mM) and fetal calf serum (1%). The next day, the medium was removed and replaced by the same medium without serum. Adult human adrenals were obtained from patients in cerebral death at the same time that the kidneys were removed for transplantation. Although it is likely that patients with cerebral death have marked changes in endocrine function, the basal cortisol secretion of both HAC and BAC was low after 2 to 3 d in culture, suggesting a "normalization" of adrenal cell activities. This protocol was approved by the ethical committee of the Hospices Civils de Lyon (France). After removal of the major part of the medulla, the zona fasciculata-reticularis was separated from the capsula and used for cell preparation. In preliminary experiments, attempts were made to isolate human adrenal cells (HAC) with the trypsin digestion method used for BAC dispersion. The yield was very low (2-4 X 106 cells/adrenal), and more than 50% of cells were not viable. HAC were dispersed by two successive 20 mintreatments with collagenase ( 1 mg/ml) and DNase (0.1 mg/ml) in F12/ DME medium, supplemented with NaHCO3 (14 mM) and Hepes (10 mM) and antibiotics (the same mixture as that used for BAC dispersion). The yield was greatly improved (30-35 x 10' cells/adrenal), and only 10% of cells were not viable. Isolated cells were then seeded in Petri dishes in F12/DME containing 10% fetal serum plus insulin (10 ,g/ml), transferrin (10 .g/ml) and vitamin C (0.1 mM). After 24 h, the medium was changed and replaced by the same medium without serum. For both BAC and HAC, plating efficiency varied between 70 and 80% and, in our culture conditions, cell multiplication was negligible. The precise number of cells used in each experimental protocol was determined at the end of the experiments using a Coulter counter.
Measurements of cell activities. For both cell culture types, the medium was changed every two days. The inhibitors of GJ were added 10 min before the effectors. cAMP was measured in the medium after 1 h of incubation, at which time > 80% of the total cAMP was extracellular. cAMP accumulation in the medium is related to the concentration of ACTH used (29-31). Medium cortisol was measured after a 2-h incubation period because a linear increase has been observed during this period after ACTH stimulation (30, 32) . Cortisol and cAMP were measured by specific radioimmunoassays as previously described (28) . (Fig. 2) . A complete inhibition of cell-to-cell communi- (Fig.I f ) . When GA was used at lower concentrations (between but the response to 8Br-cAMP was not affected (Fig. 3 A) .
BAC in culture exhibited a low basal cortisol production which was increased up to 70-fold in response to maximal concentrations of ACTH or 8 Br-cAMP. Results of Fig. 3 B shows that GA differently affected the secretory response to low (10 pM) and high (5 nM) ACTH concentrations. GA decreased the cortisol production in response to a submaximal concentration of ACTH (10 pM) but was without effect on the response to a maximal or saturating concentration of ACTH (5 nM). Interestingly, G:A treatment did not affect the response of 0.1 mM 8Br-cAMP in eliciting a submaximal cortisol production or the response of 1 mM 8 Br-cAMP in yielding the maximal cortisol production. Similar results were obtained with another GJ blocker, octanol.
We examined whether GA inhibition of the steroidogenic response to submaximal concentrations of ACTH could be due to drug effects other than that on GJ closure. For instance, we tested whether GA affected the binding of ACTH to its membrane receptors or the ACTH-induced activation of adenylyl lo..~~~~~~~~~~~~~~. cyclase (Table I) . GA (5 uM) neither altered the binding of labeled '2'I-ACTH to BAC, nor modified the cAMP generation in response to either 10 pM or 5 nM ACTH. Under the same experimental conditions, GA decreased the cortisol production in response to low but not to maximal ACTH concentrations. To further document that the effect of GA on the ACTH response was actually related to its GJ blocking activity, we compared the action of the drug on monolayer cells in Petri dishes having established GJ as shown in Fig. 1 and on corresponding cells in suspension that were collected from Petri dishes and dispersed by a mild trypsin treatment to disrupt cell interactions via GJ. As shown in Fig. 4 , the steroidogenic response to 10 pM ACTH was decreased by GA when cells were kept as monolayers but was not affected by GA when cells were dispersed and maintained in suspension. The response to a maximal ACTH concentration (10 nM) was unaffected by the GA treatment in both cell systems. It is noteworthy that a concentration of ACTH of 10 Immunodetection of connexin43 in cultured BAC and HAC. GJ were visualized by indirect immunofluorescence in BAC and HAC using antibodies directed against two different GJ proteins, connexin43 and connexin32. Purified anti-connexin43 antibodies labeled rather large spots distributed along regions of cell-cell contacts in BAC monolayers (Fig. 7, a) . HAC were also positive for connexin 43. The anti-connexin43 antibodies labeled a rather large number of small spots grouped in clusters (Fig. 7 c) . Due to the superimposition of HAC, the labeled structures could not be clearly identified. Nevertheless, fluorescence labeling was presumably located between the cells but some labeling of connexin43 in the cytoplasm cannot be ruled out. Both BAC and HAC were not labeled by connexin32 antibodies. Similar results were obtained on tissue sections of bovine and human adrenal glands (data not shown).
The responsiveness of BAC to ACTH depends on the level ofGJ-mediated intercellular communication. We performed full ACTH concentration-response studies on monolayer cell preparations that display distinct levels of GJ coupling. Experiments were designed to obtain three different levels of GJ coupling: 1. cells were cultured at high density (2.4 X 105 cells/cm2) to promote cell-cell interactions and favor GJ coupling, 2. cells were cultured at low density (0.24 X 105 cells/cm2) to make cell contacts scarce and limit GJ coupling and 3. cells were cultured at high or low density and acutely treated with GA to close all the existing GJ.
The morphological features and the intercellular communication capabilities of BAC cultured at high or low density are illustrated in Fig. 8 (Fig. 8, c and d) . Cells cultured at high density were highly coupled through GJ as shown in g and h. Cortisol production by BAC cultured under these two conditions was measured in response to increasing concentrations of ACTH, from 0.1 pM to 10 nM (Fig. 9) . The concentrationresponse curve obtained with cells cultured at low density was shifted towards the right as compared to that obtained with confluent monolayers. The maximum cortisol production as well as the ACTH concentration required to reach it were similar for BAC cultured at high and low density. It is noteworthy that increasing concentrations of ACTH produced the same gradual Fig. 9 also illustrate the well-established discrepancy (29, 36) between the ACTH concentrations required for stimulation of cortisol production and ACTH concentrations active on cAMP generation.
If the difference in the responsiveness of BAC cultured at high and low density to ACTH is directly linked to the difference in GJ coupling and therefore to a difference in the ability of cells to exchange informative molecules (here cAMP), one would expect a complete disappearance of this difference by blocking cell-to-cell communication by GA treatment. Results reported in Fig. 10 are in complete agreement with this prediction. The ACTH concentration-response curves obtained with BAC cultured at high or low density and exposed to a 2-h incubation period with 5 4M GA (Fig. 10 B) were superimposed and shifted towards the right as compared with the doseresponse curves obtained with untreated cells (Fig. 10 A) . As observed in all the above-mentioned experiments, the maximum responses to ACTH were not altered by the GA treatment. The changes in the responsiveness of BAC to ACTH were quantified by comparing the ACTH ED50. Average values obtained on three different cell preparations are reported on A similar observation has been made on another type of endocrine cells in primary culture: thyroid epithelial cells (37) . The cells which do not exchange low molecular mass substances with their neighbors could either be devoid of GJ or could have their GJ channels in a closed conformation. The latter hypothesis is more likely since it has been possible to convert such a sub-population of uncoupled thyroid cells into communicating cells by a short-term hormone treatment (37) . BAC and HAC in primary culture possess GJ composed of connexin43, alternatively referred to as a, connexin (38) . This is in agreement with a recent report (39) showing that rat adrenal glands express connexin43 but no connexin32. Since many cell types express more than one connexin (40-43), one cannot exclude the presence of GJ formed by other connexins. The GJ inhibitor, 18 a-glycyrrhetinic acid or GA, originally described by Davidson and his colleagues (21) was found remarkably potent on adrenal cortical cells. GA has been preferred to the more common GJ inhibitor, octanol, since GA completely inhibits GJ-mediated intercellular communication in the micromolar concentration range whereas millimolar concentrations of octanol are required. Furthermore, GA at a concentration of 5 IM had no detectable effect on cell morphology and did not modify any of the metabolic parameters tested: hormone binding, hormone-activation of adenylyl cyclase and maximum cortisol production. Due to its lipophilic properties, GA may insert into the Bar, 50 pm.
plasma membrane and interact with GJ protein oligomers, -the connexons, and thereby induce a conformational change causing closure of GJ channels (22) . When the concentration of ACTH is sub-maximal, GA-induced GJ closure produces a concentration-dependent inhibition of ACTH-stimulated cortisol production. This finding indicates that the action of ACTH at low concentration necessitates a GJ-mediated cell-to-cell transfer of cytoplasmic molecule(s). ACTH is known to regulate adrenocortical cell activities such as cortisol production by the activation of adenylyl cyclase and the generation of cAMP as the intracellular messenger ( 19, 20) . Hence, it is reasonable to postulate that the signaling molecule in question is cAMP. The cell-to-cell transfer of cAMP appears to be operative in other cell types ( [16] [17] [18] 15-20 min (29, 36) . Thereafter, it remains stable or slightly decreases, whereas the extracellular cAMP progressively increases for at least 60 min, indicating continuous cAMP production. At of 1 and 10 uM, respectively. These concentrations appear to be one or two orders of magnitude higher than the cAMP concentration required for a half-maximal activation of cAMPdependent protein kinase in cytosolic extracts from adrenal cells (44, 45 Our findings may provide an explanation for certain pathophysiological observations. The Kd of ACTH for its adrenal receptor in several species (31, (56) (57) (58) is about 0.5-1 nM. However, in humans, under physiological conditions, plasma ACTH concentrations are very low, less than 5 pM, and an 8-10-fold increase (to 40-50 pM) is known to induce almost maximum acute cortisol secretion (25, 26) . Similarly, plasma cortisol levels are very high in many patients with Cushing's disease, despite the fact that plasma ACTH concentrations are between 50 and 100 pM (27) . Thus, in this range of ACTH concentration, the functional state of GJ and therefore the level of cell-to-cell communication could be of major importance in determining the amplitude of the overall response of the gland. Finally, the present work establishes that human and bovine adrenal cells are coupled via GJ and that GJ-mediated cell-to-cell communication enhances the responsiveness to low ACTH concentrations. These data might be of general significance and apply to many cell types, because GJ Effects of GA on ACTH ED50 for cortisol production by BAC cultured at low or high density. Experimental conditions are the same as those described in Fig. 10 . Results are expressed as the mean±SEM of the values obtained on three separate cell preparations. Statistical analysis was performed by the Student paired t test. * Significant difference (P < 0.05) with the value of the same column. Significant difference (P < 0.05) with the value of the same line.
are widespread structures and most cells are under control of regulatory signals acting through plasma membrane receptors and intracellular messengers which can diffuse from cell-to-cell via GJ.
